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In vivo studies of individual factors involved in molecular and
cellular processes in particular cell types of the kidney are
limited by the cellular diversity of the nephron and by the
impossibility of controlling interactions between different cell
types. These problems can be addressed more accurately using
in vitro cultures. However, the main problem with kidney cell
cultures is the selection of one particular cell type out of the
heterogeneous population of cells in the kidney. Caution should
therefore be taken in using cell culture systems to investigate
different processes in one specific cell type, since the interpre-
tation of the obtained results is determined by the purity of the
cell population.
A wide range of renal primary cell culture models have been
developed [1] with different levels of cell purity depending on
the isolation procedure used. Primary cell cultures are prefer-
able to the existing renal cell lines, such as the LLC-pK1 cells
[2], because of the transformed or tumorigenic nature of the
latter leading to cellular heterogeneity, loss of characteristics
and acquisition of non-characteristic biochemical and physio-
logical properties.
Several research groups have used cultures obtained from
explants or mixed cell suspensions, sometimes combined with
one or more purification steps such as isopycnic centrifugation
and/or differential sieving [3—61. In general, these cells were
further grown in selective media in an attempt to minimize
fibroblastic contamination [7, 81. The purity of these cell
populations was, however, often inadequately controlled.
A second technique for obtaining primary cultures of proxi-
mal tubular cells (PTC) or distal tubular cells (DTC) is micro-
dissection and culture of the isolated nephron segments [9].
This approach has been used successfully to culture homoge-
neous renal tubule cell populations, but cell numbers are limited
and multiple cell types within the same segment cannot be
separated.
In a third approach, isolation is performed by immunodissec-
tion using cell-type specific antibodies [10, 11] and/or enzymatic
activity probes [12].
This study presents for the first time the successful procedure
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for isolating pure populations of human PTC and heterogeneous
populations of DTC (consisting of thick ascending limb cells,
distal tubular cells and collecting duct cells), using monoclonal
antibodies (MoAbs) against specific plasma membrane antigens
in flow cytometry and for culturing them.
Methods
Monoclonal antibodies
The mouse-anti-human gamma-glutamyltransferase (GGT)
MoAb 102 D2K2C10 [13] was used for the labeling and flow
cytometric isolation of the PTC. For the labeling and flow
cytometric isolation of the DTC, the mouse-anti-human milk fat
globulin (HMFG) MoAbs number 1 and number 2 [14] were
used. Cells labeled with the non-relevant anti-placental alkaline
phosphatase (PLAP) MoAb 7E8 [15] served as controls.
Immunoperoxidase staining
The determination of the specificity of the anti-GGT MoAb
and its ability to detect its antigen on the surface of PTC by
immunoperoxidase staining on unfixed cryosections of snap-
frozen normal human renal cortex and outer stripe of outer
medulla was performed as described previously [16]. Six-
micrometer thick sections were brought onto poly-L-lysine
coated microscope slides. Following two equilibration periods
of five minutes in TSB [10 mM Tns-HCI, pH 7.6, 0.9% NaCI,
1% bovine serum albumin (BSA) and 0.004% merthiolate] and a
20 minute incubation with normal horse serum (diluted 1/5 in
TSB), the tissue was incubated overnight with the MoAbs
diluted in TSB, washed for five minutes with TSB and incu-
bated for 30 minutes with biotinylated horse-anti-mouse Ig
serum (diluted 1/200 ABC-kit, Vector Laboratories, Burlin-
game, Vermont, USA). Subsequently the sections were washed
during 10 minutes with TSB, followed by a 30 minute incubation
with an avidin (1/200)-biotinylated peroxidase complex (1/100;
Vector Laboratories). Thereafter, the sections were washed
carefully (3 times for 5 mm with TSB and 1 mm with distilled
water) and the peroxidase staining was developed with 0.02%
3-amino-9-ethylcarbozol and 0.008% H202 in 20 m acetate
buffer, pH 5.2 with 9.5% dimethylsulfoxide for two hours. After
washing with the acetate buffer and distilled water, the cells
were counterstained with methylgreen and mounted with Kai-
ser's glycerin/gelatin mounting medium. The antibody 7E8
(PLAP-specific) was used as a negative control.
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Human kidney
'I,
Removal of the capsule
Dissection of the outer medullary tissue
Cutting up into pieces of 1 mm3
Enzymatic digestion with collagenase
Sieving through a 120 pm mesh
lsopycnic centrifugation on
a discontinuous Percoll gradient
Incubation with the different MoAbs
PTC —> gamma-glutamyl transferase (GGT)
DTC —* human milk fat globulin (HMFG)
Incubation with a biotinylated secondary Ab
Labeling with an avidinhcoerthrin conjugate
Flow cytometric isolation of the PTC and DTC
In vitro culture and characterization
of the sorted cells
Fig. 1. Flow chart of the procedure used to obtain pure cultures of
human renal cells.
The segment-specificity of the anti-GOT antibodies and the
HMFGI and HMFG2 antibodies determined on paraffin sections
have been described elsewhere [17].
Cell isolation
PTC and DTC were isolated from normal human kidney
tissue, which became available through nephrectomies exe-
cuted for an oncological indication and occasionally from donor
kidneys which were not suitable for transplantation. The pro-
cedure followed to prepare the single cell suspension needed for
the flow cytometric isolation is summarized in Figure 1. Imxne-
diately after prelevation of the kidney, the macroscopically
normal tissue was dissected, transferred into icecold medium
M199 (Gibco BRL, Paisley, UK) and transported on ice. The
tissue was decapsulated and sectioned into slices of 2 to 3 mm
thickness. Thereafter, the outer stripe of the outer medulla was
dissected and cut into pieces of 1 mm3. These were pooled in
20 ml of an ice-cold calcium/magnesium-free HBSS buffer. The
buffer was removed and the pieces resuspended in 20 ml of
preheated (37°C) M199 medium, containing 0.67 mg/ml collag-
enase (Clostridium histolyticum type I; Sigma Chemical Co.,
St. Louis, Missouri, USA). The tissue was incubated for one
hour at 37°C with gentle shaking. The solution was replaced
with fresh enzyme solution, and the tissue was incubated under
the same conditions for another one hour. At the end of this
enzymatic digestion process, the suspensions were pooled and
filtered through a 120 m sieve. The cells were washed two
times and resuspended in 20 ml M199. The resulting suspension
was brought on top of a discontinuous Percoll gradient (Phar-
macia Fine Chemicals, Uppsala, Sweden) with densities of
1.07, 1.05 and 1.045 g/ml. All material from the intersection
1.045-1.05 to the intersection 1.05-1.07 was collected, since
staining of these fractions for GGT revealed that most of the
tubular cells are found in these fractions. Cells were washed
twice with HBSS (5 volumes for 1 volume of cell suspension)
and centrifuged for seven minutes at 1000 rpm. The pellet was
resuspended in incubation buffer of HBSS containing 10%
heat-inactivated horse serum (DNHS; Gibco). The whole cell
isolation procedure was performed on ice, except the enzymatic
digestion.
Flow cytometry
Aliquots (0.1 ml) of single cell suspensions (10 cells/mi in
incubation buffer) were incubated for one hour at 4°C with an
equal volume of incubation buffer containing the different
MoAbs in a final concentration of 4 sg/ml. As a control, the
cells were incubated with a non-relevant 7E8 directed against
PLAP, not expressed in human kidney. Cells were washed with
1 ml buffer and were pelleted by centrifugation at 1000 rpm for
five minutes. Subsequently, the pellets were resuspended in 250
s1 biotinylated-horse-anti-mouse (diluted 1/100; Vector Labo-
ratories) and incubated for 30 minutes on ice. After this
incubation, the cell suspensions were washed with 1 ml buffer
and the pellets resuspended in 200 1.d streptavidin-phyco-
erythrin conjugate (Becton Dickinson, Immunocytometry Sys-
tems, San Jose, California, USA; diluted 1/10) and incubated
for 30 minutes on ice. Finally, the cells were washed with 1 ml
of buffer and resuspended in 500 d buffer. The cells were kept
on ice during the whole procedure. The labeled cells were
analyzed and sorted using a FACStar1'LUS flow cytometer
(Becton Dickinson). The argon ion laser was tuned to 488 nm at
30 mW power. Orange fluorescence was ifitered by a 575/26
band pass ifiter. Positively labeled PTC and DTC were identi-
fied by their distinct orange fluorescence. The levels of fluores-
cence, forward scatter and side scatter of 10,000 cells were
recorded and the data processed with the LYSYS II Analysis
Program (Becton Dickinson). The cells were sorted into 1 ml
mALPHA medium (Gibco BRL), supplemented with 20%
DNHS. To immediately check the purity of the sort, approxi-
mately 5000 cells from each sorted fraction were reanalyzed
using the same instrument settings.
Enzyme cytochemistry
The purity of the sorted cell populations obtained was also
analyzed using the enzymatic activity of GGT. Droplet prepa-
rations were prepared on poly-L-lysine coated microscopical
slides and were fixed for 15 minutes in formol-calcium fixative
(4% formaldehyde in 0.1 M Na-cacodylate-HC1, pH 7.4, con-
taining 1% CaCl2). Staining for GGT was performed with
gamma-glutamyl 1 ,4-methoxy-B-naphtylamide (0.125 mg/mi)
(Karlan Chemical Corporation, California, USA) as a substrate,
Fast Blue B (0.5 mg/mi; Sigma) as the staining reagent and
glycylglycine (0.5 mg/mI; Sigma) as an acceptor. The reaction
product was stabilized with a 0.1 M CuSO4 solution. The
preparations were counterstained with methyl green and
mounted in glycerin/gelatin medium. GGT-positive and nega-
tive cells were counted in three microscope fields per prepara-
tion.
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Cell culture
Immediately after sorting, the cells were seeded in six-well
culture plates coated with collagen I (Vitrogen 100, Collagen
Corporation, Palo Alto, California, USA) and were grown in
mALPHA medium, modified according to Gibson-d'Ambrosio
et al [18] without antibiotics, and supplemented with 10% FCS.
The cells were subcultured by trypsin treatment (trypsin 0.25%-
EDTA 0.04%) during five minutes. In experimental setups, the
cells were grown in serum-free conditions by adding 1 mg/mi
ALBUMAX (Gibco BRL) to the modified mALPHA medium.
Determination of the protein content
Protein content was determined by the BCA method (Pierce
BCA Protein Assay Reagent, Illinois, USA). BSA (Pierce) was
used as a standard.
Determination of the alkaline phosphatase and gamma-
glutamyltransferase activity
Confluent cultures were washed three times with PBS, alka-
line phophatase (AP) and GUT enzymatic activities were deter-
mined directly in the wells. AP activity was determined at pH
10.4 using 16 mri p-nitrophenylphosphate, 350 mrt 2-amino-2-
methyl-1-propanoi, 2 ifiM Mg-acetate, 1 ifiM ZnSO4 and 2 mM
hydroxyl-EDTA (substrate solution), in agreement with the
instructions of the IFCC [19]. One unit is defined as the amount
of enzyme catalyzing the hydrolysis of 1 mol p-nitrophe-
nyiphosphate/min at 30°C. GUT activity was determined at pH
8 using 0.05 M Tris-HC1 buffer containing 75 mivi NaC1, 2.5 mM
L-gamma-glutamyl-p-nitroamlide and 20 mris glycyiglycine [20].
GGT (Sigma) was used as a standard. The activity of GGT and
AP was measured at 405 nm and expressed as U/mg protein.
The data were based on nine different cultures derived from
three kidneys.
Immunohistochemistry
Confluent monolayers were washed three times with saline,
and fixed during 1.5 hours in formol-calcium fixative. The fixed
monolayers were washed during 15 minutes in the same buffer
without formaldehyde. Immunoperoxidase staining was per-
formed for HMFG.
Electron microscopy
Cultures were washed with PBS and fixed overnight at 4°C
with 2% glutaraldehyde in 0.1% M sodium-cacodylate-HC1
buffer pH 7.4 containing 1% sucrose. After rinsing with the
same buffer containing 4% sucrose, the cells were postfixed for
two hours with 2% 0s04 in a veronal acetate buffer pH 7.4
containing 7% sucrose. Subsequently, the cells were rinsed
with veronai buffer and incubated for one hour with 2% uranyl
acetate. The cells were dehydrated in acetone and propyleneox-
ide and were embedded in Spun. Seventy nanometer ultra-thin
sections were cut with a Reichert Ultracut-E ultramicrotome
and mounted on copper-rhodium grids. After contrasting with
uranyl acetate and lead citrate, the sections were examined in a
Jeol JEM-100 CX II electron microscope (Tokyo, Japan).
Hormonal stimulation of cAMP production
Twelve hours before stimulation with the different hormones,
confluent cultures grown in 96-well microtiter plates were
washed twice and transferred to serum-free mALPHA medium.
The hormonal stimulation of cAMP production was started by
adding 20 sl minimal essential medium containing 20 m
HEPES, pH 7.4, 1 mrs isobutylmethylxanthine, and parathy-
roid hormone (Sigma) or arginine-vasopressin (Boehringer,
Mannheim, Germany) to produce final concentrations of iO,
106, iO, 10_8, and iO M. After a two hour incubation at
37°C in a CO2 incubator the stimulation was stopped by
removing the medium. The cells were washed twice with 200 td
PBS solution and the intracellular cAMP was extracted by
adding 200 .d 95% ethanoll20 fflM HCI for 24 hours at —20°C.
The ethano)JHC1 solution was then removed and the cells were
washed with two volumes of 0.2 ml ethanollHCl which were
pooled with the first ethanollHCl extract. Ethanol was removed
from the extracts by evaporation and the extracts were redis-
solved in 100 l sodium acetate buffer. cAMP was determined
using a radioimmunoassay kit (Incstar, Stillwater, Oklahoma,
USA) and 20 d of the extract was used for protein determina-
tion. Results were expressed per mg protein content. The data
were based on six different cultures derived from two kidneys.
Sodium-dependent glucose uptake
Glucose uptake was determined as described by Al-Mahrouq
et al [21]. PTC and DTC were seeded on 24-well plates and
studied at confluency. The medium was removed and the cells
were washed twice with 1 ml washing solution (normal washing
solution: 137 mi NaC1, 5.4mM KC1, 2.8 mrvi CaCl2, 1.2 MgSO4,
10 mM Trizma base, brought to pH 7.4 with HEPES; sodium-
free washing solution: 137 mrs NaC1 was replaced by 137 mM
choline chloride). To initiate the uptake experiments, 500 p1 of
the uptake solution (sodium-free or sodium-containing solution
with 1.31 mrt methyl-alpha-D-14C-glucopyranoside (1.53 mCil
mmol, 2 mCi/mi; Amersham, Buckinghamshire, UK) were
added at 37°C. After five minutes, uptake was terminated by
removing the uptake solution and washing twice with 1 ml
ice-cold stop solution (137 m NaC1, 14 ifiM Trizma base, pH
7.4 with HEPES). The cells were dissolved in 200 p1 10% Triton
X-100 for 30 minutes at 37°C; this solution was then diluted by
adding 300 p1 PBS. A 300 p1 aliquot was used to measure
radioactivity; the remaining 200 p1 were used for protein
determination. The results were expressed per mg protein
content. The data were based on six different cultures derived
from two kidneys.
Measurement of DNA synthesis
DNA synthesis was determined by the incorporation of
3H-thymidine in cellular DNA. Cells were cultured in 96-well
plates in mALPHA medium containing 10 p1 methyi-3H-thymi-
dine (1 mCi/nil; Amersham). After a 24 hour incubation at 37°C
the medium was removed and the cells were washed twice with
200 p1 PBS. The cells were then fixed with 200 p1 of ice-cold 5%
trichioroacetic acid in PBS and incubated at 4°C during 30
minutes. Thereafter, this solution was removed and the cells
were dissolved by addition of 200 p10.1 M NaOH + 0.1% Triton
X-100 and incubation for 30 minutes at 60°C. Seven ml of
scintillation fluid (Dupont NEN Research products, Bad Hom-
burg, Germany) were added, and the radioactivity was mea-
sured with a beta-counter.
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Effects of prostaglandin E1 (PGEJ) and prostaglandin E2
(PGE2) on the growth and differentiation of FTC and DTC
PGEI and PGE2 (0.5, 5, 50, 100 ng/ml) were added to
confluent cultures of PTC and DTC. After 48 hours their effect
on the growth of the DTC and FTC was measured by 3H-
thymidine incorporation. Their effect on the differentiation of
these cells was measured by determination of the AP and GOT
expression. The results were expressed per mg protein content.
The data were based on six different cultures derived from two
kidneys for the FTC and on three different cultures derived
from one kidney for the DTC.
Statistics
Results were expressed as the mean SD. Differences were
identified by Student's t-test.
Results
Isolation of the PTC and DTC
FTC could be distinguished and separated from the total
population of cells using the anti-human GOT MoAb 102
D2K2C10. This antibody gave a strong and selective staining of
the brush border of the FTC on unfixed frozen sections and on
paraffin sections of kidney cortex and outer stripe of outer
medulla. The staining pattern was in accordance with the
histochemical distribution pattern for GGT-enzymatic activity.
Figure 2 A and B illustrates the flow-cytometric analysis of
the cells incubated with the anti-GGT MoAb 102 D2K2CIQ and
the cells incubated with the non-relevant anti-FLAP MoAb 7E8
(negative control), respectively, before sorting. A population of
highly fluorescent cells was detected in the sample labeled with
A
10' 102 10 10 10' 102 10 10
100 10' 102 100
ID
C')cc
10' 102 10 10
F
Fig. 2. Fluorescence histograms for human
kidney cells (A) incubated with the anti-GGT
MoAb 102 D2K2CJO, (B) incubated with the
non-relevant anti-PI 4P MoAb 7E8, (C) re-
analysis after sorting for GGT
I J I
immunoreactivily, (D) incubated with a
_____________________________
combination of the anti-HMFG MoAbs
number I and number 2; (E) incubated with
100 101 102 1 0 1 0 100 10' 102 1 03 i0 the non-relevant anti-PLAP MoAb 7E8; (F)
re-analysis after sorting for HMFG
Fluorescence intensity, log immunoreactivily.
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the anti-GGT MoAb. They exhibited a clear shift in fluores-
cence intensity compared to the GUT-negative cell population,
that overlapped with the background fluorescence of the control
sample. These positively labeled cells constituted 40.29%
5.80 (N = 5) of the total cell population.
The purity of the sorted samples was evaluated by flow-
cytometric reanalysis and by histochemical staining for GGT.
Post-sort reanalysis revealed a population of exclusively highly
fluorescent cells (Fig. 2C). Enzyme histochemistry on droplet
preparations of the positively sorted populations revealed a
purity of 99.33 0.58 (N = 3).
Human DTC were isolated on the basis of their specific
HMFG expression. Immunohistochemical staining on paraffin
sections of human kidney gave a staining of the thick ascending
limb, the distal tubule and the collecting duct [17]. Since the two
anti-HMFG antibodies gave a slightly different distribution
pattern, they were combined in flow-cytometric sorting.
Figure 2 D and E illustrates the flow-cytometric analysis of
the cells incubated with a combination of the anti-HMFG
number 1 and number 2 MoAbs and the cells incubated with the
non-relevant anti-PLAP MoAb 7E8, respectively, before sort-
ing. A population of highly fluorescent cells was detected in the
sample labeled with the anti-HMFG MoAbs. These cells con-
stituted 15.08% 4.63 (N = 5) of the total cell population.
Flow-cytometric reanalysis after sorting (Fig. 2F) revealed
purities of approximately 95%. The sorted DTC were all nega-
tive for GGT histochemical staining.
Cell culture
When the sorted PTC and DTC were seeded at a density of
approximately 2 x io cells/ml in modified mALPHA medium,
supplemented with 10% FCS, small colonies of epithelial cells
formed after two days (Fig. 3 a and b). Cells grew to confluency
in approximately seven days. Confluent monolayers of FTC and
DTC were homogeneous. In phase contrast microscopy, the
FTC monolayers consisted of closely packed polygonal cells.
These cells displayed a high granulosity and were little refrac-
tive (Fig. 3c). The DTC were clearly less granular and had a
more curved morphology (Fig. 3d). After twelve days of con-
fluency, dome formation was observed in both types of culture
(Fig. 3 e and f). Three to four day old cultures (passage 3) of
FTC did not stain with the anti-HMFG MoAbs, in contrast with
the DTC, which were clearly positive (Fig. 4 a and b, respec-
tively). Electron microscopically, both cell types displayed a
polarized morphology and short microvilli on the apical surface
(Fig. 5 a and b). Tight junctions were seen near the apical
surfaces (inserts). The DTC were more columnar than the FTC.
The FTC and DTC had a limited in vitro lifespan. Cultures of
sorted as well as of non-sorted cells were maintained in modi-
fied mALPHA medium for approximately 30 days, and survived
subculturing. Cells have been passaged up to 8 to 10 times by
trypsin treatment.
The FTC could be stored in liquid nitrogen, in modified
mALPHA medium supplemented with 10% DMSO. After thaw-
ing, the cells displayed the same characteristics as before.
Expression of the brush border enzymes
The enzymatic activity of AP and GOT in the sorted PTC and
DTC were compared after three days of growth (passage 3), at
confluency. The specific activity of GGT was approximately
four times higher in the FTC (278.7 32.8 U/g protein, N = 9)
than in the DTC (71.6 16.5 U/g protein, N = 9), whereas the
AP expression was approximately five times higher in the FTC
(2.0 0.5 UIg protein, N = 9) than in the DTC (0.4 0.1 UIg
protein, N = 9).
Hormonal stimulation of the cAMP production
Figure 6 illustrates the hormonal stimulation of cAMP pro-
duction in the FTC and DTC cultures. The intracellular cAMP
production in the FTC showed a parathyroid hormone sensi-
tive, dose-dependent increase. A maximal stimulation to 2.24
times the basal activity was observed at a parathyroid hormone
concentration of l0 M (P <0.01). Arginine-vasopressin had
no effect. In the DTC cultures, the cAMP production was
maximally stimulated to 2.72 times the basal activity by adding
10—6 M parathyroid hormone to the medium (P < 0.05).
Arginine-vasopressin (10—s M) provoked a 2.34 times stimula-
tion in these cells.
Sodium-dependent glucose uptake
Table 1 compares the methyl-alpha-D-glucopyranoside up-
take in FTC and DTC after five minutes incubation. In this
experiment, the FTC displayed a sodium-dependent glucose
uptake, since the glucose uptake was 24 times inhibited by
replacing sodium with choline (P < 0.001). Phiorizin, a com-
petitive inhibitor of the sodium-dependent glucose transport at
the apical membrane in the proximal tubule [22] also inhibited
the glucose transport in the FTC (P < 0.001). In contrast, the
DTC displayed a sodium-independent glucose uptake, as re-
placement of sodium by choline did not affect the uptake.
However, the glucose uptake was inhibited by phlorizin (P <
0.001).
Effects of PGEJ and PGE2 on the growth and differentiation
of PTC and DTC
POE1 and PGE2 had an identical effect on the growth and
differentiation of the cells (data for PGE2 not shown). Figure 7a
illustrates the 3H-thymidine incorporation in FTC and DTC in
the presence of POEI. PGE1 had an inhibitory effect on the
growth of PTC, but had no effect on the DTC.
Figure 7b illustrates the AP expression in the FTC and DTC
after culture in the presence of PGE1. In the FTC, the AP
expression increased with increasing PGE1 concentrations,
reaching 8.18 times the basal activity at 100 ng/ml. In the DTC,
PGEI had no effect on the AP expression.
Figure 7c illustrates the GUT expression in the FTC and DTC
in the presence of PGEI. In none of the cultures could a
significant increase of the GGT expression be observed.
Discussion
A procedure was developed by which populations of human
FTC and cells of the more distal part of the nephron (thick
ascending limb cells, distal tubular cells and collecting duct
cells) were isolated on the basis of their specific in vivo
expression of GGT and HMFG, respectively, using fluores-
cence activated cell sorting. This technique provides the advan-
tage that cultures can be started from highly purified cells of a
well-defined segmental origin, in contrast to several other
studies in which the nature of the cells is defined subsequently
on the basis of their characteristics after in vitro culture [4, 8,
23]. The latter approach is compromised by the fact that most
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Fig. 3. Phase-contrast microscopy. (a) PTC after 2 days of growth in mALPHA medium, supplemented with 10% FCS (60x). The attached cells
formed small colonies, (b) DTC after 2 days of growth in mALPHA medium, supplemented with 10% FCS (60x); (C) PTC after 7 days (60x). The
colonies have formed confluent monolayers. The PTC were granular and displayed a polygonal morphology, (d) DTC after 7 days (60x). The DTC
were less granular and had a more curved morphology, (e) PTC after 12 days of confluency. Dome formation was observed (60X), (I) DTC after
12 days of confluency. Domes were formed (60X).
Fig. 4. Immunoperoxidase staining for HMFG number 2 immunoreactivity in PTC (a) (12X) and DTC (b) (12X).
I. 
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Fig. 5. Ultrastructural morphology of the
cultured FTC (a) (4400x) and DTC (b)
(4400x). Both cell types displayed a polarized
morphology and possessed short microviffi at
the apical surface. Tight junctions (inserts)
(44000x) were invariably seen between
adjacent cells.
cell types lose some of their characteristics and gain some
aspecific functions after in vitro culture [6, 24]. Flow-cytometry
has also been used by others to isolate kidney cell types, for
example, rat proximal tubular cells [12] and rabbit principal and
intercalated cells of the renal collecting duct [111. In addition to
the human PTC and DTC, we have successfully used this
technique for the isolation of rat P'I'C and thick ascending limb
cells, on the basis of their expression of GGT and epidermal
92
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Fig. 6. Stimulation of the intracellular cAMP
production (nmol/g protein) in the (A) FTC
and (B) DTC by parathyroid hormone and
arginine-vasopressin (mean SD; N = 6; *
<0.05, < 0.01).
Table 1. Glucose uptake (nmollmg protein) after 5 minutes
incubation with 1.31 mr,s methyl-alpha-D-'4C-glucopyranoside in 3-
day-old confluent monolayers (passage 3) of PTC and DTC, in
incubation buffer supplemented with either 137 mM NaCI, 137 mM
choline chloride, or 137 mrss NaC1 pIus 5 mas phlorizin
÷ Sodium — Sodium + Phiorizin
PTC 0.24 0.07 0.01 0.00 0.02 0.01
DTC 0.20 0.03 0.16 0.09 0.05 0.00
Data are mean SD, N 6.
growth factor, respectively (data not shown). However, the
usefulness of these cells in experimental protocols was re-
stricted by their limited lifespan in culture, a phenomenon that
has also been reported by Miller [25].
All manipulations involved in the preparation of a single cell
suspension of primary human kidney cells (tissue preservation,
use of different disaggregating enzymes and treatment proto-
cols, density gradients, sieves) and in the preparation of the
sample for flow-cytometry (testing of different antibodies for
different antigens, direct and indirect staining procedures, in-
cubation times) were optimized to maximize the yield and
viability of the sorted cells. Using the anti-GGT MoAb, on
average 3 x io cells per g tissue could be isolated. This limited
yield is the consequence of the difficult digestion of adult human
kidney tissue and of the stringent conditions used during the
sorting, in order to avoid any contamination of other cell types.
PTC cultures are likely to consist of predominantly S3 cells
first, because the cells were isolated from tissue from the outer
stripe of the outer medulla that is particularly rich in S3 cells,
and second, because cells displaying a high level of GGT
expression were favored during the flow-cytometric isolation,
and these cells are S3 cells since the level of GGT expression is
higher in S3 cells than in Si or S2 cells [26]. The anti-HMFG
MoAbs, used to isolate the DTC, specifically recognize cells of
the thick ascending limb, the distal convoluted tubule and the
collecting duct [17]. The DTC cultures, also derived from the
outer stripe of the outer medulla, therefore consist most likely
of thick ascending limb and collecting duct cells. The relative
number of PTC and DTC that could be obtained after fluores-
cence-activated cell sorting was in agreement with the fre-
quency of appearance of GGT and HMFG-positive cells, re-
spectively, in the outer stripe of the outer medulla, as observed
after immunohistochemical staining of tissue sections.
The human PTC and DTC displayed no significant differences
in survival time in culture, as they survived approximately 10
passages covering a total period of approximately 30 days. This
lifespan is similar to that of primary cultures derived from
human microdissected segments, which could be maintained in
culture for 30 to 40 days [9]. The sorted cell populations formed
homogeneous monolayers, with several domes appearing after
12 days of confluency. Both cell types displayed a polarized
morpholgy with sparse microvilli at the apical surface.
After in vitro culture, the PTC and DTC retained several of
their in vivo differentiated properties. The brush border en-
zymes GGT and AP were strongly expressed in confluent FTC
monolayers, whereas they were negative for HMFG. The DTC
also expressed some AP and GGT, but the levels were 5.37 and
3.89 times lower, respectively, than in the PTC. This in accor-
dance with data from Guder and Ross [26], who reported a low
activity of GGT in microdissected cortical collecting tubules
and a low activity of AP in all segments between the medullary
thick ascending limb and the cortical collecting tubule. Com-
paring the enzyme activities of the cultured FTC to the values of
fresh renal tissue from the outer stripe of outer medulla, we
found a dramatic decrease of AP (18.1 U/g protein vs. 2.0 U/g
protein), whereas the GGT activity remained constant (305.8
U/g protein vs. 278.7 U/g protein). This difference is probably
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due to substantial loss of AP during the preparation of a single
cell suspension from kidney tissue, as supported by the obser-
vation that the specific activity of AP in the single cell suspen-
sion was approximately nine times lower than in the unproc-
essed renal tissue from the outer stripe of outer medulla (data
not shown). GGT has a more stable anchorage in the brush
border plasma membrane [27], while it is well-known that AP
behaves as an ectoenzyme with an easily cleaved phosphatidyl
inositol anchor [28]. Moreover, as described by Trifillis, Regec
and Trump [24], the AP expression in cultures of human kidney
cells is decreasing with the number of days of culture.
In another study of this laboratory, we reported that the PTC
and DTC cultures also conserved the in vivo segment-specific
expression of the cell-adhesion molecules A-CAM and L-CAM,
respectively [171.
The PTC displayed a sodium-dependent glucose transport
activity, a distinctive proximal tubule function [29]. Glucose
uptake was inhibited by phiorizin. In contrast, the DTC pos-
sessed a sodium-independent glucose transport.
Differential responsiveness to hormonal stimulation was also
used to characterize the two cell types in culture. The intracel-
lular cAMP production in our PTC cultures was stimulated by
parathyroid hormone, but not by arginine-vasopressin. In con-
trast, cAMP production in the DTC was stimulated by both
arginine-vasopressin and parathyroid hormone. The observed
hormonal responses of both culture types are in accordance
with Chabardes, Gagnan-Brunette and Imbert-Teboul [30], who
found parathyroid hormone to have a stimulatory effect in the
human microdissected convoluted and straight proximal tubule,
in the thick ascending limb and in the early portion of the distal
convoluted tubule, and an arginine-vasopressin stimulation of
the cAMP production in the late portion of the distal convoluted
tubule and the cortical and medullary portions of the collecting
tubule.
It is well-known that cells frequently dedifferentiate to some
degree when brought into culture [24]. PGE1 and PGE2 were
added during culture of PTC and DTC in an attempt to increase
their in vitro differentiation. The PTC showed an increased AP
expression and an inhibited growth in response to PUE1 and
PGE2. A similar inhibitory effect of prostaglandins on the
growth of PTC was reported by Shabshab, Breyer and Harris
[31], who suggested that prostaglandins may be important in the
interactions between rabbit cortical collecting duct cells, pro-
ducing prostaglandins, and PTC. The growth of the DTC was not
affected by the prostaglandins.
In summary, the present study describes the elaboration and
characterization of a culture model of well-defined PTC and
cells of the more distal part of the nephron. Both cell popula-
tions form homogeneous monolayers with domes. PTC and
DTC display a different morphology. The cells retain their
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Fig. 7. (A) FTC (mean s; N = 6) and (B)
DTC (mean SD; N 3) grown in mALPHA
medium, 48 hours after addition of PGE1 (*P
<0.01, P < 0.02, *** <0.001).
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enzyme profiles, their cAMP response to parathyroid hormone
and arginine-vasopressin, and their respective transport func-
tions. We conclude that the Introduction of FACS in the
isolation procedure of human kidney cells results in pure
subpopulations of the human nephron and that the isolated cells
in vitro retain several of their in vivo characteristics (up to 30
days culture) These cultures are of potential importance in
studying the cell biology and physiology of these cell types.
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